. 5 TEM images of MWCNTs for different total UV energies （irradiation times） , without irradiation （A） and after exposure to DUV （B） -（E） or VUV/DUV （F） -（I） light.
Introduction
After the discovery of carbon nanotubes （CNTs） by Iijima
1）
, the synthesis of CNTs has been studied in many research institutes. Because carbon nanotubes have a morphology analogous to cylindrically-rounded sheets of graphene, carbon nanotubes show excellent mechanical properties, electrical conduction, and thermal conductivity. Thus, a wide variety of applications are expected to be found 2） . There are two fabrication methods for multiwalled carbon nanotubes （MWCNTs） with and without the use of metal catalysts for CNTs growth. In both cases, the CNTs contain amorphous carbon particles and polyhedron carbon particles 3） . It is desirable that these carbon-based impurities be removed before the CNTs are used in fundamental research or applications. The removal methods for carbon-based impurities include a heating oxidation method in air 4） , 5） , an oxidation method in aqueous solution 6） , and an oxidation method in a gas mixture 7） . Because of the similarity in structure of between the CNTs and their carbon-based impurities, CNTs are often damaged in the oxidation removal process. Based on this refinement technology, new materials are being developed that utilize damaged CNTs. D. V. Kosynkin et al. found that CNTs were cut open to form graphene nanoribbons during an oxidation process using a mixed oxidation agent
8）
. Moreover, K. Waki et al. introduced morphology defects into MWCNTs using metal oxide fine particles and discovered new catalytic activity and storage properties
9）
. Under such background and with the intention of studying the relationship between the morphology change, the activation energy, and the crystallinity of MWCNTs, the authors used an ozone lamp with UV two peaks. One of the peak was at 245 nm in the deep ultra violet （DUV） region （a wavelength of less than wavelength 300 nm） and the other at 185 nm in the vacuum ultra violet （VUV） region （a wavelength of less than 200 nm） . The lamp was used to irradiate MWCNTs and provoke morphology changes. Total UV energy will be assessed as an index for MWCNT morphology change. Sharp-tipped MWCNTs are expected to be created at total UV energies of 8994 （J/cm 2 ） and graphene-like materials at total UV energies of 10856 （J/cm 2 ） or more
10）
. The ozone lamp used in this study was made of quartz glass and was more expensive than a sterilization lamp made of soda-lime glass. Therefore, the cost of etching would be significantly reduced if a sterilization lamp with a peak of 254 nm could be used instead. In addition, we will distinguish between the 254 nm and 185 nm etching effects on MWCNTs by comparing a sterilization lamp and an ozone lamp as UV sources. In this study, using the total UV energy as an indicator, the etching effect on MWCNTs was compared between the sterilization lamp emitting deep ultra violet light （DUV; 254 nm） and the ozone lamp emitting deep ultraviolet/vacuum ultraviolet light （DUV/ VUV; 254 nm/185 nm） . These experimental results are expected to contribute to the future selection of optical sources for etching MWCNTs by UV and to further describe the UV etching effect on MWCNTs.
Experimental section
In these experiments, vapor grown carbon nanofiber （Showa Denko K.K.） was used for MWCNTs. Nine sets of vials （SV-20; Nichidenrika-Glass Co., Ltd.） were prepared, each containing 4 mg of MWCNTs. Figure 1 shows vertical and horizontal sections of the UV irradiation equipment. It is in the form of a parallelepiped of 95 mm × 95 mm × 300 mm, and is constructed from 2-mm-thick The total UV energy at 254 nm was used as an index of the etching effects of both deep ultraviolet （DUV; 254 nm） and deep ultraviolet/ vacuum ultraviolet irradiation （DUV/VUV; 254 nm/185 nm） on multiwalled carbon nanotubes （MWCNTs） . The differing etching effects from 185 nm and 254 nm UV radiation were distinguished. As the total UV energy increased under VUV/DUV irradiation, the MWCNTs morphology changed, and both the activation energy and the MWCNTs crystallinity decreased. When the total UV energy was increased under DUV irradiation, the activation energy decreased, but the morphology and the crystallinity of MWCNTs remained the same. Therefore, it was shown that exposure to an ozone lamp, which is a type of DUV/VUV light source, was required to incite morphology changes in the MWCNTs. Furthermore, a comparison of the MWCNTs irradiated with DUV or DUV/VUV radiation suggested that an etching effect could occur if the MWCNTs were irradiated with an optical source with a wavelength of less than 242 nm. This irradiation also caused the formation of highly reactive O3 and O （ 1 D） molecules.
Keywords : Surface Oxidation, Etching Effect, Vacuum Ultraviolet Irradiation, Deep Ultraviolet Irradiation, Activation Energy Research Paper ＊ E-mail: motoyuki.imai@gmail.com paperboard. Four 6-W sterilization lamps （GL6; Sankyo Denki Co., Ltd.） were placed in parallel. Moreover, its UV peak was at 254 nm, the sterilization lamp was used as a DUV source. To maintain room temperature inside the equipment during irradiation, two 92 mm cooling fans （OWL-FY0925L; Owltech Corp.） were placed in front of and behind the equipment.
Before the experiment, to compare the total UV energy at different vial positions, after the UV irradiation equipment had been operated for 24 h, the UV intensity was measured at the wavelength 254 nm at different vial positions using a UV illuminometer （UV-M03A; Orc Manufacturing Co., Ltd.） . In addition, the total UV energy was calculated as the product of the measured UV intensity and the irradiation time.
Four vials containing MWCNTs were placed on the defined positions where each of UV intensities had been measured. After the start of UV irradiation, the vials were taken out from the UV irradiation equipment one by one with a time interval of 240 h. To compare the MWCNTs exposed to irradiation, TG-DTA （platinum cup, EXSTAR TG-DTA6200; Hitachi High-Tech Science Corp.） was performed for MWCNTs in non-irradiated and irradiated vials, picked at a rate of one every 240 h. For all measurements, the temperature was increased at a rate of 10 ℃ /min in dry air （200 ml/min） . Moreover, the mass was normalized to 100, which corresponds to a reference sample obtained by drying at 130 ℃ for 15 min. In addition, Raman spectrum analysis was performed using the JASCO NRS-3200 （green laser; Jasco Corp.） and morphology observation using the H-9500 TEM （acceleration voltage 200 kV; Hitachi High-Technologies Corp.） . To compare the etching effects of DUV and DUV/VUV, using the total UV energy at 254 nm as an indicator, the four sterilization lamps were replaced with four 6 W ozone lamps （GL6ZH; Sankyo Denki Co., Ltd.） . The lamps two UV peaks at 185 nm and 254 nm each; moreover, the ozone lamps were used as DUV/ VUV sources. After the lamp replacement, the UV irradiation equipment was operated for 24 h. Then, the illumination at 254 nm was measured by placing a UV meter （UV-M03A; Orc Manufacturing Co., Ltd.） in the vial holder. The total UV energy was calculated from the product of measured illuminance and irradiation time. DUV/VUV irradiation was performed on four vials comprising MWCNTs using the same procedure as with the sterilization lamp.
3 Results and discussion Table 1 presents the UV intensity, irradiation time, and total UV energy after exposure to DUV or VUV/DUV light of 254 nm wavelength at different vial positions. The table shows the total UV energy for MWCNTs exposed to DUV or VUV/DUV light.
First, the weight change because of the oxidation of MWCNTs under DUV or VUV/DUV irradiation has been discussed. Figure 2 shows TGA curves of MWCNTs for different total UV energies without irradiation and after exposure to DUV （a） or VUV/DUV （b） light. When compared with a case in which there was no irradiation, the initial temperature of oxidation under either DUV or VUV/DUV irradiation decreases as the total UV energy irradiated to the MWCNTs increases.
To understand the behavior of the above weight change, the activation energies were obtained as described in an earlier report 11） . In the TGA curves, the activation energies of MWCNTs from the slope of Arrhenius curves, given by the plot of lnk ＝ ln ［d （Δm/m0） /dt］ vs. 1/T, at any point from the start to the end of the oxidation process are obtainable. Here, k is the reaction rate constant, m0 represents the initial weight of MWCNTs, Δm is Table 1 UV intensities, irradiation times, and total UV energies at the wavelength 254 nm after exposure to DUV or VUV/DUV light at different vial positions.
-100 the weight loss of MWCNTs at time t, and T is the absolute temperature （K） . Figure 3 shows the Arrhenius curves of MWCNTs against the total UV energy, without irradiation and after exposure to DUV （a） or VUV/DUV （b） light, as calculated from the TGA curves （Fig. 2） . Straight lines are obtained from the Arrhenius curves. Table 2 shows the activation energies obtained. The activation energy was 296 kJ/mol without irradiation. The activation energy of MWCNTs with a total UV energy of 12165 J/cm 2 was 200 kJ/mol after exposure to DUV light, and the activation energy of MWCNTs with a total UV energy of 14342 J/cm 2 was 152 kJ/mol after exposure to VUV/DUV light. After exposure to DUV or VUV/DUV light, as the total UV energy increases, the activation energy decreases in MWCNTs. In particular, in MWCNTs exposed to VUV/DUV light, the activation energy decreases considerably.
Next, the Raman spectra of MWCNTs exposed to DUV or VUV/DUV light has been discussed. Figure 4 shows the Raman spectra of MWCNTs for the total UV energy, without irradiation and after exposure to DUV （a） or VUV/DUV （b） light. The peak near 1580 cm -1 is designated as the G band, which originates from the stretching vibration in the six-membered carbon ring structure in graphite
12）
. The peak near 1350 cm -1 is designated as the D band, which originates from the defect structure
. In particular, in MWCNTs exposed to VUV/DUV light, the peak Table 3 IG/ID ratios of MWCNTs for different total UV energies （irradiation times） , without irradiation and after exposure to DUV or VUV/ DUV light. . Table 3 shows the IG/ID ratios obtained from Fig. 4 . The IG/ID ratio is 6.67 without irradiation. The IG/ID ratio does not change considerably under DUV irradiation even the total UV energy irradiated to the MWCNTs increased. Consequently, the MWCNTs crystallinity does not change considerably. On the other hand, in MWCNTs exposed to VUV/DUV light, the IG/ID ratio decreases as the amount of total UV energy increases, down to 4.47 with a total UV energy of 14342 J/cm 2 . Therefore, the MWCNTs crystallinity decreases. Finally, the morphology of MWCNTs exposed to DUV or VUV/DUV light has been discussed. . Fig. 5 （H） shows that sharp tips are observed on large-diameter MWCNTs. Therefore, there is the possibility of preparing a probe for scanning probe microscopes. In Fig. 5 （I） , the hollow structure of the MWCNTs is completely lost, suggesting that the MWCNTs' hollow structures are composed of graphite or graphene. Therefore, there is the possibility of obtaining graphene-like materials from MWCNTs.
When O2 molecules are irradiated with VUV/DUV （185 nm/254 nm） light in air at room temperature, highly reactive O3 molecules and singlet oxygen atoms （O （ 1 D） ） are produced during the formation and decomposition cycles of O3, as discussed below
15）
. Here, M denotes a neutral gas molecule （mostly molecular nitrogen） . The VUV （185 nm） light cuts off the bond of an O2 molecule, which decomposes into two triplet oxygen atoms （O （ . Table 2 shows that the activation energy of MWCNTs is 296 （kJ/mol） . The comparison between the DUV energy and the activation energy of MWCNTs indicates that DUV can be used to break chemical bonds on the surface of MWCNTs. Therefore, it is conceivable that the activation energy decreases because the MWCNTs＇ surface irradiated with DUV light becomes susceptible to oxidation.
From these results, it is clear that to cause morphology changes in MWCNTs, an ozone lamp is required as a DUV/VUV source even if with equivalent total UV energy. In addition, a comparison of the etching effects on MWCNTs irradiated with DUV and DUV/VUV radiation shows that an etching effect occurs on MWCNTs only if the MWCNTs are irradiated by an optical source with a wavelength of less than 242 nm, which produces highly reactive O3 and O （ 1 D） molecules.
Conclusion
In this study, total UV energy was used as an index of MWCNT morphology change. MWCNTs irradiated with DUV or DUV/ VUV irradiation was compared using TG-DTA, Raman spectroscopy, and TEM images. Under VUV/DUV irradiation, the morphology changed, and the activation energies and crystallinity decreased as the amount of total UV energy irradiated to the MWCNTs increased. With the increasing total UV energy irradiated to the MWCNTs under DUV irradiation, the morphology did not change and the crystallinity did not decrease, although the activation energies decreased. These results clarified that to cause morphology change in MWCNTs, an ozone lamp is required as a DUV/VUV source even if another source has an equivalent total UV energy. In addition, a comparison of the etching effects on MWCNTs irradiated with DUV or DUV/VUV radiation showed that an etching effect occurs on MWCNTs if the MWCNTs are irradiated by an optical source with a wavelength of less than 242 nm, which produces highly reactive O3 and O （ 1 D） molecules.
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